Received Month X, XXXX; revised Month X, XXXX; accepted Month X, XXXX; posted Month X, XXXX (Doc. ID XXXXX); published Month X, XXXX We show that a 1.13-GHz repetition rate optical pulse train with 0.70 fs high-frequency timing jitter (integration bandwidth of 17.5 kHz -10 MHz, where the measurement instrument-limited noise floor contributes 0.41 fs in 10 MHz bandwidth) can be directly generated from a free-running, single-mode diode-pumped Yb:KYW laser mode-locked by single-walled carbon nanotube (SWCNT)-coated mirrors. To our knowledge, this is the lowest timing jitter optical pulse train with the GHz repetition rate ever measured. If this pulse train is used for direct sampling of 565-MHz signals (Nyquist frequency of the pulse train), the demonstrated jitter level corresponds to the projected effective-number-of-bit (ENOB) of 17.8, which is much higher than the thermal noise limit of 50-ohm load resistance (~14 bits).
The availability of optical pulse trains with both gigahertz (GHz)-level repetition rate and sub-femtosecond-level timing jitter is crucial for extension of widespread applications of ultrafast mode-locked lasers in telecommunication and information systems, such as high-speed, high-resolution photonic analog-to-digital converters (ADCs) [1] [2] [3] [4] and pulsed laser-based optical interconnects [5] . In recent years, there have been dramatic progresses in lowering the timing jitter in modelocked solid-state and fiber lasers: currently, various types of mode-locked solid-state and fiber lasers can generate optical pulse trains with well below a femtosecond timing jitter [6] [7] [8] [9] [10] [11] [12] . However, all these sub-femtosecond timing jitter performances have been demonstrated at ~100 MHz repetition rate.
To increase the repetition rate to the GHz regime with low timing jitter, several approaches have been demonstrated. First, an external repetition-rate multiplier (such as a Fabry-Perot cavity) locked to the laser oscillator can be employed. For example, a 2-GHz repetition rate optical pulse train with timing jitter of ~27 fs (1 kHz -10 MHz) was achieved from a 200-MHz fiber laser [13] and was further used in a photonic ADC [3] . Second, passive or hybrid harmonic mode-locking can be used. Although the residual jitter between the driving microwave source and laser output can be in the few-fs regime [14] , the absolute timing jitter has been often limited to a few ps [15] [16] [17] . Third, semiconductor mode-locked lasers can naturally achieve very high repetition rates with multitens of GHz. However, the achievable pulse width in the ps range is still too long and the resulting timing jitter is also limited to ~1 ps regime [18] . Finally, GHz repetition rate, fundamentally mode-locked solid-state, fiber, or waveguide lasers [19] [20] [21] [22] can provide a simple and direct way for lower timing jitter. So far, the best jitter performance of GHz mode-locked lasers is in the ~20 fs level [19] , limited by both the laser performance itself and the resolution of measurement method based on direct photodetection and microwave mixers.
In this Letter, we show that a 1.13-GHz repetition rate optical pulse train with 0.70 fs high-frequency timing jitter (integration bandwidth of 17.5 kHz -10 MHz, where the measurement instrument-limited noise floor contributes 0.41 fs in 10-MHz bandwidth) can be directly generated from a free-running, single-mode diode-pumped Yb:KYW laser mode-locked by single-walled carbon nanotube (SWCNT) saturable absorber mirrors. To our knowledge, this is the lowest timing jitter optical pulse train with the GHz repetition rate ever measured. Note that, if this pulse train is used for direct sampling of 565-MHz signals (Nyquist frequency of the pulse train), the projected sampling jitter-limited effective-number-of-bit (ENOB) resolution is 17.8 bits, which is already much higher than the thermal noise limit of 50-ohm load resistance (~14 bits) [1] . If the same pulse train is used for the wavelength-division multiplexed photonic ADC such as in [3] , the achievable jitter-limited ENOB can be significantly improved to >11 bits for 40-GHz input signal. Figure 1 shows (a) schematic of the 1.13-GHz Yb:KYW laser, (b) measured optical spectrum, (c) radio-frequency (RF) spectrum, and (d) relative intensity noise (RIN) spectrum. The laser has a similar design and structure as previously demonstrated in [23] , only with a notable difference that two SWCNT-coated mirrors (M3 and OC in Fig. 1(a) ) are used as saturable absorbers to increase modulation depth and enhance the long-term stability of the laser. At the expense of better stability, the 3-dB bandwidth is decreased to 4.0 nm centered at 1037 nm, which corresponds to the transform-limited full-width half maximum (FWHM) pulse width of 282 fs (sech 2 -shape), compared to the previous 168 fs pulse width in [23] . The output power is 35 mW from a 0.3 % output coupler, when pumped by a fiber-coupled, 750 mW, 980 nm, single-mode laser diode. For high-resolution timing jitter characterization of the 1.13-GHz Yb:KYW laser, a timing detector method based on balanced optical cross-correlation (BOC) [24] is employed. The experimental setup for the timing jitter characterization is shown in Fig. 2 . To measure the jitter of the laser under test (LUT, 1.13-GHz Yb:KYW laser in this work), one needs a reference laser with similar or lower jitter than the LUT. In this work, as we have only one Yb:KYW laser, we used an Yb-fiber laser with ~20-as jitter performance [12] as the reference laser. Note that the repetition rate of the used Yb-fiber laser is 188 MHz, which is 6th sub-harmonic of the Yb:KYW laser repetition rate (1.13 GHz). As a result, every sixth pulse from the Yb:KYW laser is used for locking the LUT to the reference laser using the BOC. Note that the different repetition rate of the reference laser and the LUT does not have an impact on the BOC jitter measurement. Because the pulse energy directly generated from the Yb:KYW oscillator is insufficient for high-resolution timing detection using a nonlinear process in the BOC (type-II phase-matched second-harmonic generation by BBO crystals in this work), the output from the Yb:KYW laser is amplified by an external Yb-doped fiber amplifier (YDFA) as shown in Fig. 2 . The output from the YDFA is ~220 mW when pumped by a 750 mW, 976 nm laser diode. After dechirping by a grating pair, the resulting pulse width and pulse energy used in the BOC are ~300 fs and 71 pJ, respectively. The pulse width and pulse energy of the Yb-fiber laser (reference laser) are ~40 fs and 0.45 nJ, respectively, in the BOC. The resulting timing detection slope from the balanced photodetector in the BOC is 0.24 mV/fs when transimpedance gain of 6 kΩ is used. Compared to the recent 188-MHz repetition rate, 20-as jitter Yb-fiber laser jitter characterization [12] , the resulting timing detection sensitivity is about 100 times lower due to longer pulse width and lower output pulse energy of the Yb:KYW laser. However, as shown in Fig. 3 , the resulting measurement noise floor still reaches 10 -8 fs 2 /Hz level. This corresponds to -185 dBc/Hz equivalent phase noise floor at the 1.13 GHz carrier frequency, where direct photodetection-based measurement methods cannot reach. The error signal from the BOC is used to lock the repetition rate between the two lasers [1.13 GHz (6th harmonic of 188 MHz) versus 188 MHz] with the lowest possible locking bandwidth, which allows the jitter spectral density characterization of the free-running Yb:KYW laser outside the locking bandwidth (~17.5 kHz in this work). Note that 17.5 kHz was the minimal bandwidth we could use for getting stable repetition-rate locking between the Yb:KYW laser and the Yb-fiber laser. The required locking bandwidth is higher than the case of synchronization between two Yb-fiber lasers (where it was ~2 kHz locking bandwidth) [12] , which is mainly due to higher sensitivity of a solid-state laser to the vibration and acoustic noise. Curve (a) in Fig. 3 shows the measured timing jitter spectral density of the 1.13-GHz Yb:KYW laser. The measured jitter level is much higher than that of the Ybfiber laser (curve (b), taken from the result in [12] ), indicating that the current measurement is limited by the GHz Yb:KYW laser. Above ~300-kHz offset frequency, the measurement was limited at 10 -8 fs 2 /Hz level set by the noise floor of the used RF signal analyzer (curve (c)). This instrument noise floor sets the achievable resolution of our jitter spectral density measurement, which is ~0.41 fs in 10-MHz measurement bandwidth. Curve (d) shows the projected shot noise-limited detection sensitivity of the BOC, which is ~10 dB lower than the instrument limit (curve (c)). From 30 kHz to 300 kHz, the jitter spectrum follows the 1/f 2 (-20 dB/dec) slope (curve (e)), which comes from the quantum-limited timing jitter, as will be explained more in detail later with Fig. 4 . The origin of higher slope in <30 kHz is not clear, but we believe that it might be caused by the combined effects of the influence of the repetition-rate locking loop (e.g., insufficient phase margin near the locking bandwidth) and technical noise introduced to the LUT (e.g., broadband acoustic noise and vibration). The minimal 3-dB locking bandwidth we could set is ~17.5 kHz, and the rms timing jitter of the freerunning Yb:KYW laser integrated from 17.5 kHz to 10 MHz offset frequency is 0.70 fs. We further analyzed the origins of the measured timing jitter using measured and known laser parameters, as shown in Fig. 4 . The used measured and known laser parameters are following: intra-cavity pulse energy of 8 nJ, FWHM pulse width of 282 fs, net cavity dispersion of -1200 fs 2 , intra-cavity loss of 3.3 %, center wavelength of 1037 nm, and SWCNT saturation fluence of 10 µJ/cm 2 . We assumed the gain bandwidth of 16 nm [25] and the nonlinear refractive index of n2 = 8.7×10-16 cm 2 /W [26] for the Yb:KYW crystal. By using these laser parameters, we calculated the nonlinear phase shift of 0.08 rad per cavity round-trip. We also used the measured RIN spectrum, as shown in Fig. 1(d) , for the RIN-coupled jitter calculation. In Fig. 4 , we calculated and plotted projected timing jitter spectra originated from different effects, obtained from well-established analytic theories shown in [27, 28] . When setting the excess noise factor (spontaneous emission factor) to 18, the measured result (curve (a)) can be fit with the projected Gordon-Haus jitter (curve (b)), i.e., the quantum-limited timing jitter originated from the center frequency fluctuation coupled by the intra-cavity dispersion, in the 30 kHz -300 kHz range. Other curves indicate (c) timing jitter from self-steepening effect, (d) RIN-coupled jitter by the slow saturable absorber (SWCNT in this work), (e) quantum-limited timing jitter directly coupled from the ASE noise, and (f) RIN-coupled jitter by the Kramers-Kronig relationship. Curve (g) indicates the measurement limit set by the used signal analyzer, as explained in Fig. 3 . Note that the quantumlimited jitter contributions (curves (b) and (e)) are multiplied by the fitted excess noise factor, whereas the RIN-originated jitter contributions (curves (c), (d) and (f)) are not. As the excess noise factor (which influences the Gordon-Haus jitter magnitude, curve (b)) and the nonlinear phase shift (which influences the selfsteepening jitter magnitude, curve (c)) are not directly measured values and can be quite different from our prediction, it is difficult to clearly conclude which effect dominates the measured jitter performance. For example, if the nonlinear phase shift were just twice of our theoretical calculation, the self-steepening can be the dominant contributor to the measured jitter level. To exactly identify the origin, it would be necessary to resolve higher offset frequency above 300 kHz, where the GordonHaus jitter and self-steepening induced jitter has quite different spectral shape. Currently, we are limited by the achievable measurement resolution (curve (g)), and will need higher-resolution measurement in the future.
Provided the jitter measurement is not limited by the BOC resolution, the real jitter performance is expected to follow the combined effects of the Gordon-Haus jitter (curve (b) in Fig. 4 ) for <1.5 MHz offset frequency and the RIN-coupled jitter by the Kramers-Kronig relationship (curve (f) in Fig. 4 ) for >1.5 MHz offset frequency. Further assuming the RIN level is flat at -130 dB/Hz up to 565 MHz offset frequency, which is a reasonable assumption given the long (>µs) lifetime of a solid-state gain medium, the projected rms timing jitter integrated from 10 kHz to the full Nyquist frequency (565 MHz) is 0.50 fs. We believe that more engineering of the laser, such as lowering intra-cavity loss, increasing the pulse energy and shortening the pulse width, can further scale down the achievable timing jitter of the GHz pulse train. For example, if we use the laser parameters in [23] , the projected rms timing jitter is 0.42 fs integrated up to the Nyquist frequency.
In summary, we demonstrated that a 1.13-GHz repetition rate optical pulse train with 0.70 fs highfrequency timing jitter (integration bandwidth of 17.5 kHz -10 MHz, where the measurement instrument-limited noise floor contributes 0.41 fs in 10-MHz bandwidth) can be directly generated from a free-running, single-mode diode-pumped Yb:KYW laser mode-locked by SWCNTcoated saturable absorber mirrors. We also identified the major contributors to this jitter performance is the Gordon-Haus jitter and the timing jitter from selfsteepening effect. As the jitter performance is not limited by technical noise sources originated from a slow saturable absorber, our result indicates that other types of diode-pumped GHz repetition rate solid-state lasers with different gain media, center wavelengths, and saturable absorbers may also observe similar sub-fs jitter performances, which will open up many opportunities for low-cost, compact, and self-starting GHz solid-state lasers for high-precision photonic signal processing applications in the near future.
